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ABSTRACT In this paper, a novel design of frequency-selective surface (FSS) based on coupled stubs-
loaded ring resonators (SLRRs) is proposed. The proposed FSS exhibits quasi-elliptic bandpass filtering
characteristic at C-band. And each unit cell of the structure is composed of two SLRRs coupled by a circular
aperture. A novel method of transmission line (TL) model is proposed to investigate the operating principle
of a single SLRR under normal incidence plane wave. Moreover, the operating mechanism of the proposed
FSS is further researched with the aid of the equivalent circuit model (ECM) analysis method. Due to
the symmetric and low-profile physical structure, the FSS keeps stable frequency response under oblique
incident plane wave for both transverse electric (TE) and transverse magnetic (TM) polarizations. Finally,
the designed FSS is fabricated and measured. The measured results agree well with the simulated results.
The measured results indicate that the proposed FSS exhibits a dual-polarized and stable bandpass frequency
response with two transmission zeros (TZs) at around 5.71 and 6.87 GHz under different incident angles up
to 40◦.
INDEX TERMS Quasi-elliptic, bandpass, frequency-selective surface (FSS), stubs-loaded ring resonator
(SLRR).
I. INTRODUCTION
Frequency-selective surfaces (FSSs) have been inten-
sively researched as spatial filters over the past several
decades [1], [2]. Unlike conventional planar microwave fil-
ters, the filtering response of FSSs is determined not only
by the frequency but also by the incident angle and polar-
ization of the impinging electromagnetic wave. Due to the
specific filter properties, FSSs have been applied as various
microwave components such as antenna subreflectors [3], [4],
antenna radomes [5], [6], absorbers [7], [8] and so on. Inmany
commercial applications, FSSs are usually required to obtain
The associate editor coordinating the review of this manuscript and
approving it for publication was Chinmoy Saha .
bandpass frequency response. And it makes a lot of sense to
design bandpass FSSs with good performance like sharp roll-
off, low-profile, and high frequency selectivity.
In recent years, many approaches have been reported
to design high perform bandpass FSS. In [9], a bandpass
FSS based on antenna-filter-antenna (AFA) module was
presented. A third-order bandpass filtering response was
achieved by the two back-to-back microstrip patch antennas
and the coplanar-waveguide (CPW) resonator in the mid-
dle layer. In [10], a quasi-elliptic bandpass FSS is designed
based on the composition of metal cylinder pipes and circular
patches. A type of low-profile FSS with non-resonant consti-
tuting elements was proposed in [11], [12]. The non-resonant
elements are composed of capacitive sub-wavelength patches
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or inductive wire grids printed on substrates. Parallel LC
resonators, used to design multi-order bandpass FSS, can be
achieved by cascading these non-resonant elements. How-
ever, this type of FSS was usually exhibiting a poor frequency
selectivity response without finite transmission zeros (TZs).
Besides, a bandpass FSS based on coupled circular plates is
proposed in [13]. The FSS is achieved by inserting circular
dielectric resonators into a metal plate. Due to the signal
coupling path, the FSS only exhibits a bandpass frequency
response without TZs. Different from traditional FSSs based
on two-dimensional (2-D) structure, many three-dimensional
(3-D) FSSs have also been studied to realize more attractive
filtering characteristics. In [14], [15], several 3-D FSSs based
on substrate integrated waveguide (SIW) technology were
researched. Cross coupling can be realized by cascading SIW
cavities. Thus TZs can be induced to enhance the selectivity.
Whereas this kind of FSSs possesses frequency characteris-
tics of narrow band, high selectivity, and a little large insertion
loss. A new concept of designing 3-D FSS based on a 2-D
periodic array of shielded microstrip lines has been reported
in [16], [17]. Propagating modes can be excited by the disper-
sion diagram of shielded microstrip lines. And filtering per-
formance can be achieved by controlling their cross coupling
with air. However, these 3-D FSSs only operate under single
polarization are usually difficult to fabricate and assemble.
In this paper, a novel bandpass FSS based on coupled
stubs-loaded ring resonators (SLRRs) is investigated and
discussed. Although the coupled structure FSS was first
proposed in [18], the FSS usually exhibits a bandpass fre-
quency response without any TZs located near the passband
due to dominant magnetic coupling and weak electric cou-
pling [19]. While the proposed FSS utilizes back-to-back
cascaded SLRRs to enhance electric coupling, which makes
it possible to obtain two finite TZs to improve the frequency
selectivity. In order to explore the working principle of the
FSS, a transmission line (TL) model method is proposed to
study the working principle of single SLRR under normal
incident plane waves. An equivalent circuit model (ECM) is
also established and investigated for a further study of the
proposed FSS. Benefit from the low-profile and symmetrical
structure, the proposed FSS shows a very stable quasi-elliptic
filtering performance under oblique incident wave for both
transverse electric (TE) and transverse magnetic (TM) polar-
izations. Finally, a prototype is fabricated and measured to
verify the design.
II. DESIGN AND ANALYSIS OF THE PROPOSED FSS
A. GEOMETRY OF THE PROPOSED FSS
Fig. 1 presents the 3-D geometries of the proposed FSS. The
proposed structure is mainly composed of three metal layers,
which are stacked together with two thin dielectric-slabs. The
top and bottom metal layers are composed of SLRR arrays.
The SLRR is an improved ring resonator with eight identical
opened stubs periodically loaded, the width of w, and length
of h. The angle between every two adjacent opened stubs
FIGURE 1. 3-D geometries of the proposed FSS.
is α (α = 45◦), which divides the ring into eight equal
parts. The outer and inner radius of the ring are r1 and r2,
respectively. And it is worth mentioning that the width of the
ring strip is equal to the width of the loaded-stubs. Themiddle
metal layer is etched with circular apertures with a radius of
r3 to construct coupling paths between the top and bottom
SLRRs. Moreover, the unit cells of the proposed FSS are
arranged along the x-direction and y-direction with a period
of p. The thickness of the substrate layer is t . The supporting
substrate used in this design is Rogers 4003C with relative
dielectric constant εr = 3.38 and loss tangent of 0.0027.
B. ANALYSIS OF A SINGLE SLRR
SLRR is a deformation product of a conventional ring res-
onator. And the opened stubs loaded on the ring will sig-
nificantly affect the resonant frequency of the SLRR. Thus,
in this section, a newmethod based on TLmodel to extract the
resonant frequency of SLRR is proposed. Fig. 2 depicts the
schematic of a single SLRR with ground, which is excited by
a plane electromagnetic wave. For a more intuitive analysis,
the SLRR rotates 22.5◦ clockwise, which will not influence
the resonant frequency due to the symmetry of the structure.
Under a y-polarized normally incident wave, the SLRR can
be considered as being excited by a two-port feed excitation
along y-axis.
FIGURE 2. Single SLRR with ground. (a) 3D view, (b) Top and side-view.
Based on the discussion above, the performance of a sin-
gle SLRR can be estimated by a TL model, as depicted
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FIGURE 3. Equivalent TL model of the total SLRR. (a) Equivalent TL model
of the single SLRR with ground under normal incident wave.
(b) Even-mode excitation. (c) Odd-mode excitation.
in Fig. 3(a). As shown herein, Z0 = 377 is the impedance of
free space, and Zr represents the characteristic impedance of
the ring with opened stubs. While θr is the electrical length
of the 1/8 perimeter of ring and θp is the electrical length of
the loaded opened stubs. The arc attached with the assuming
port is divided into two equal parts with the electrical length
of θr /2. Using the odd- and even-mode analysis method [20],
a magnetic wall (an open circuit) and an electric wall (a short
circuit) are inserted, subsequently, into the reference plane
AA’ in Fig. 3(a).
Fig. 3(b) and Fig. 3(c) illustrate the even- and odd- mode of
TL models, respectively. In the TL model, the two excitation
ports, called as port 1 and port 2, are defined to represent the
function of the y-polarized normally incident wave. Due to
the opposite voltage potentials of the two ports, it is obvious
that only the oddmode is excited in thismodel. The odd-mode
TL model is investigated to extract the resonant frequency of
the SLRR.
Then, the input admittance (Y1, Y2, Y3, Y4, Yodd ) of
Fig. 3(c) can be illustrated as follows,





Y1 + jYr tan θr
Yr + jY1 tan θr
(2)
Y3 = Y2 + jYr tan θp (3)
Y4 = Yr
Y3 + jYr tan(θr/2)
Yr + jY3 tan(θr/2)
(4)
Yodd = 2Y4 (5)
Then, where Yr = 1 / Zr .
According to (1) - (5), we can obtain and simplify the odd
mode input admittance Yodd by software Mathematica,

















































In which ω0 represents the angular frequency, and εeff
is the equivalent dielectric constant, which equals to (εr +
1)/2 [1]. Under odd mode excitation, the resonance usually
occurs at,
Im(Yodd ) = 0 (9)
The resonant frequency of the SLRR can be calculated
by solving (9). To further verify the correctness of the TL
model, the commercial EM simulator CSTMicrowave Studio
(CST- MWS) is used here to extract the resonant frequency
of the SLRR, as full-wave simulated results. The comparison
of the resonant frequencies obtained by CST-MWS and the
equivalent TL model is illustrated in Fig. 4.
Fig. 4(a) shows the comparison of the results with respect
to various h, calculated by full-wave results and the TL
model, respectively. The increase of h leads to a larger
electrical length θp, resulting in a lower resonant frequency.
Fig. 4(b) demonstrates the comparison results with respect
to various r1. The electrical length θr is mainly determined
by r1. As r1 increases, the resonant frequency of the SLRR
moves toward lower frequency. As a conclusion, the reso-
nant frequencies calculated by the equivalent TL model have
good agreements with those obtained by full-wave simu-
lation method. And the calculation error can be controlled
within 8%. It is noteworthy that the calculation error is mainly
caused by dielectric losses and parasitic effects of the struc-
ture in the case of full-wave simulation. Besides, under plane
wave excitation, weak couplings between the opened stubs
also cause the deviations. In this way, a SLRR resonating at
a certain frequency can also be designed with the aid of the
equivalent TL model.
C. OPERATING PRINCIPLE OF THE FSS
To research the operating principles of the proposed FSS,
a simple ECM is established for normal incidence, as shown
in Fig. 5(a). For simplicity, all losses are ignored in the ECM.
As ring structure, the SLRRs on the top and bottom layers
can be equivalent to the series LC circuit (L and C) [1]. The
circular coupling aperture is represented by a parallel LC cir-
cuit (La and Ca) [21]. The air spaces on each side of the FSS
can be modeled as a semi-infinite TLs with the characteristic
impedance of Z0. And the two thin dielectric-slabs used for
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FIGURE 4. Comparison of the resonant frequencies obtained by CST-MWS
and equivalent TL model with respect to (a) Length h of the opened stubs
(r1 = 4.3 mm, p = 10 mm, w = 0.5 mm, α = 45◦, and t = 0.813 mm).
(b) Outer radius r1 of the ring (h = 2.4 mm, p = 10 mm, w = 0.5 mm,
α = 45◦, and t = 0.813 mm).
separating metal layers from one another are represented by
TLs with a length of t and a characteristic impedance Zs =
Z0
/√
εr . The existence of the coupling aperture introduces
an electric coupling and a magnetic coupling path, which are
denoted by symbols E and M , respectively.
For a more intuitive insight, the ECM in Fig. 5(a) can
be converted into the one exhibited in Fig. 5(b), according
to some equivalent relations. Actually, the electric coupling
between the two SLRRs can be considered as an admittance
inverter J = ωCm. The magnetic coupling can be considered
as an impedance inverter K = ωLm [22]. Due to the effects
of the circular aperture on the middle metal layer, the L and
C satisfy the relations, L = L0 + Lm and C = C0 + Cm. The
L0 and C0 are the self-inductance and self-capacitance of the
resonator without the effects of the coupling aperture [23].
The electrical length of the transmission line is so small
(t < λ0 / 12, λ0 is the free space wavelength) that the short
transmission lines in Fig. 5(a) are replaced with their ECM
composed of a series inductor LT and a shunt capacitor CT .
Based on the telegrapher’s model for TEM transmission line,
LT and CT can be calculated by following equations:
LT = µ0µr t (10)
CT = ε0εr t/2 (11)
FIGURE 5. ECM of the proposed FSS. (a) ECM of the proposed FSS under
normal incidence. (b) Modified ECM of (a). (c) Even-mode model.
(d) Odd-mode model.
where µ0 and ε0 are the permeability and permittivity of the
free space, andµr is the relative permeability of the dielectric
substrate.
Due to the symmetry of the ECM in Fig. 5(b), it can also
be investigated using odd- and even-mode analysis method.
Replacing the symmetry plane BB’ by a magnetic wall (an
open circuit) and an electric wall (a short circuit), respec-
tively. The even-mode circuit model and the odd-mode one
can be obtained as shown in Fig.5(c) and (d). And their input



























113678 VOLUME 8, 2020
R.-X. Liao et al.: Quasi-Elliptic Bandpass FSS Based on Coupled SLRRs
From the mechanism of the resonator resonance, the reso-
nance for both the odd- and even-mode can be calculated by
Yeven = 0 and Yodd = 0, respectively. And the frequencies of
TZs can be obtained by the equation Yeven = Yodd [24].
And then, the scattering parameters can be calculated by
following equations [25],
S11 =
Y 20 − YevenYodd




(Y0 + Yeven) (Y0 + Yodd )
(15)
where Y0 = 1 /Z0.
If the circuit parameters are known, the scattering parame-
ters of the ECM can be obtained by combining (12) - (15).
While the initial circuit parameters can be extracted with
the method proposed in [26]. And then, the final circuit
parameters can be determined with curve-fitting method. The
Optimized parameters are given in Table 1. Fig. 6 shows
the comparison of scattering parameters obtained from
the CST-MWS and ECM, where good agreement can be
observed. And the full-wave simulation results indicate that
the proposed FSS can provide a passband with two trans-
mission poles, located at 5.93 GHz and 6.00 GHz. More-
over, it also generates TZs on each side of the passband,
which is around 5.71 GHz and 6.87 GHz respectively. It is
noteworthy that the discrepancy of the curves obtained from
CST-MWS and ECM is mainly due to the fact that the mutual
coupling between SLRR and the coupling aperture is ignored
in the ECM. Another influencing factor is that the couplings
between the loaded-stubs of the SLRR are ignored when
establishing the ECM, which cannot be eliminated in EM
simulation.
TABLE 1. The optimized parameters of the ECM.
In this design, the total coupling k can be extracted by the
classical definition as [21], [25],
k =
f 2odd − f
2
even







where EC is the electric coupling and MC is the magnetic
coupling. It can be observed from (16) that the EC and MC
tend to cancel with each other, which makes it possible to
introduce TZs [19], [21].
The TZ1 locates in lower stopband is generated by can-
celing effects of the electric and magnetic coupling [19].
It means that the TZ1 can be controlled by adjusting the total
coupling. In this design, the loaded open stubs can induce
strong electric coupling and weak magnetic coupling. The
total coupling can be adjusted by changing the length of
the loaded open stubs h. Fig. 7 depicts that the normalized
FIGURE 6. S-parameters results of the proposed FSS obtained by the
CST-MWS simulation and ECM (Physical dimensions: r1 = 4.3 mm,
r3 = 2.6 mm, p = 10 mm, w = 0.5 mm, h = 2.4 mm, α = 45◦, εr = 3.88,
and t = 0.813 mm).
FIGURE 7. k and fz1/f0 respect to h.
frequency of TZ1 (fz1/f0) and coupling coefficient k vary
significantly by changing the value of h. When h increases,
the coupling is enhanced. The TZ1 moves away from pass-
band. While the other finite TZ2 located in upper stopband is
mainly caused by the harmonic effects [19], [21].
III. FABRICATION AND MEASUREMENTS
In order to validate the performance of the proposed design,
a prototype was manufactured by using the standard printed
circuit board (PCB) processing technology. Fig. 8(a) shows
the photograph of the fabricated prototype, which is equal
to 210 mm ×210 mm in size and contains 433 unit cells.
Herein, the prototype was fabricated on two Rogers 4003C
substrates (substrate thickness of 0.813 mm and copper thick-
ness of 0.035 mm). There are eight via holes around the
peripheries of the fabricated prototype as shown in Fig. 8(a)
to fix the two layers by plastic screws. The detailed physical
parameters are the same as the ones mentioned in Fig. 6.
Then, the fabricated FSS is measured in free space using
two horn antennas in a semi-open environment. Fig. 8(b)
exhibits the photograph of the FSSmeasurement setup, which
is similar to the one described in [27].
The measured and simulated results under normal inci-
dence are depicted in Fig. 9. A relatively good agreement
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TABLE 2. Comparison of performance with the reported FSSs.
FIGURE 8. Fabrication and measurement. (a) Fabricated FSS sample
including a detail view. (b) Photograph of measurement setup.
FIGURE 9. Measured and simulated S-parameters results of the proposed
FSS under normal incidence.
between measured results and simulated results is observed.
The fabricated FSS exhibits a quasi-elliptic bandpass fre-
quency response with a center frequency of 6.02 GHz
FIGURE 10. The installation diagram of the FSS prototype.
FIGURE 11. Transmission coefficients of the FSS respect to Sair_gap.
(5.96 GHz in full-wave simulation). The measured 3-dB
bandwidth of passband is 0.31 GHz (0.27 GHz in full-wave
simulation), which indicates a relative bandwidth of 5.1%.
The measured insertion loss at the center frequency of the
passband is 2.5 dB under normal incidence, which is greater
than the simulated one of 1.2 dB. The slightly largermeasured
insertion loss and slightly higher operating frequency are
mainly caused by the fabrication tolerance, material param-
eters difference, and measurement errors. The prototype is
fabricated by two layers of PCB. Several plastic screws are
used to fix and stack the two boards together. While this
method cannot eliminate the ultrathin air space between the
two PCBs, as shown in Fig. 10. And the air gap will destroy
the insertion loss a lot. Fig. 11 illustrates the transmission
coefficients of the FSS respect to different thickness of the
air gap, denoted as Sair_gap. It can be found that the insertion
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FIGURE 12. Measured and simulated transmission coefficients of the
proposed FSS under oblique incidence for. (a) TE polarization. (b) TM
polarization.
loss increases with Sair_gap raising. When Sair_gap equals to
0.02 mm, the simulated result of loss increases is close to the
measured result. And it hard to realize that Sair_ga is smaller
than 0.02 mm by using the plastic screws. The simulated
results also demonstrate the design is feasible.
Moreover, the measured and simulation transmission coef-
ficients of the fabricated FSS for TE and TM polarizations
under various incident angles (0◦, 20◦, and 40◦) are exhibited
in Fig. 12. The frequency responses of the FSS are stable to
varied incident angles and polarizations. When the incidence
angle becomes larger, the insertion loss increases, which is
mainly determined by the unit size of the FSS comparing to
the operating wavelength for a large incident angle. Table 2
shows the performance comparison of the proposed FSS and
those reported in other works. It indicates that the proposed
structure has the advantages of high selectivity, stable fre-
quency response, and much easy to process.
IV. CONCLUSION
A novel FSS based on SLLRs with a quasi-elliptic bandpass
response has been presented in this paper. An equivalent TL
model has been established to extract the resonant frequency
of the SLRR. Furthermore, an ECM has been investigated
using the odd- and even-mode analysis method to further
discuss the working mechanism of the proposed FSS. After
that, a prototype has been manufactured and measured to
verify the design. Both the simulated and measured results
have shown that the proposed FSS has a stable frequency
response with high selectivity for TE and TM polarization
under oblique incidence wave.
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